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Abstract

Particles/substrate interactions during the cold-gas dynamic-spray deposition process are studied using a dynamic axisymmetric

thermo-mechanical finite element analysis. In addition, the particles/substrate bonding mechanism has been investigated using a

one-dimensional thermo-mechanical model for adiabatic strain softening and the accompanying adiabatic shear localization. The

results obtained show that the minimal impact particles velocity needed to produce shear localization at the particles/substrate

interface correlates quite well with the critical velocity for particles deposition by the cold-gas dynamic-spray process in a number of

metallic materials. This finding suggests that the onset of adiabatic shear instability in the particles/substrate interfacial region plays

an important role in promoting particle/substrate adhesion and, thus, particles/substrate bonding during the cold-gas dynamic-spray

process.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The cold-gas dynamic-spray process, often referred to

as ‘‘cold spray’’, is a high-rate coating and free-form

fabrication process in which fine, solid powder particles

(generally 1–50 lm in diameter) are accelerated to ve-

locities in a range between 500 and 1000 m/s by en-

trainment in a supersonic jet of compressed (propellant)

gas. The solid particles are directed toward a substrate,
where upon impact, they undergo plastic deformation

and bond to the surface, rapidly building up a layer of

the depositing material. Cold spray as a coating tech-

nology was initially developed in the mid-1980s at the

Institute for Theoretical and Applied Mechanics of the

Siberian Division of the Russian Academy of Science in

Novosibirsk [1,2]. The Russian scientists successfully

deposited a wide range of pure metals, metallic alloys,
polymers and composites onto a variety of substrate
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materials. In addition, they demonstrated that very high
coating deposition rates on the order of 3 m2/min (�300

ft2/min) are attainable using the cold-spray process.

A simple schematic of a typical cold-spray device is

shown in Fig. 1. Compressed gas of an inlet pressure on

the order of 30 bar (500 psi) enters the device and flows

through a converging/diverging DeLaval-type nozzle to

attain a supersonic velocity. The solid powder particles

are metered into the gas flow upstream of the converging
section of the nozzle and are accelerated by the rapidly

expanding gas. To achieve higher gas flow velocities in the

nozzle, the compressed gas is often preheated. However,

while preheat temperatures as high as 900 K are some-

times used, due to the fact that the contact time of spray

particles with the hot gas is quite short and that the gas

rapidly cools as it expands in the diverging section of the

nozzle, the temperature of the particles remains substan-
tially below the initial gaspreheat temperature and, hence,

below the melting temperature of the powder material.

Because of its low-temperature operation, the cold-

spray process generally offers a number of advantages
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Nomenclature

Cp specific heat

Dth thermal diffusivity

T temperature

t time

v velocity

x characteristic system dimension

t time

ep equivalent normal plastic strain

re equivalent normal flow stress

q density

Subscripts

c particles/substrate contact quantity

init initial quantity

Melt melt-temperature quantity

p particle quantity

Superscripts

e equivalent-normal quantity

p plastic-deformation quantity

Throat

Nozzle

Powder 
Supply

Substrate Compressed and 
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Fig. 1. Schematic of a typical cold-spray system.
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over the thermal-spray material deposition technologies,

such as oxy-fuel, detonation gun, plasma, arc sprays,

and others. Among these advantages, the most impor-

tant appear to be: (a) the amount of heat delivered to the

coated part is relatively small so that microstructural

changes in the substrate material are minimal or non-

existent; (b) due to the absence of in-flight oxidation and
other chemical reactions, thermally and oxygen-sensitive

depositing materials (e.g. copper or titanium) can be

cold sprayed without significant material degradation;

(c) nanophase, intermetallic and amorphous materials,

which are not amenable to conventional thermal spray

processes (due to a major degradation of the depositing

material), can be cold sprayed; (d) formation of the

embrittling phases is generally avoided; (e) macro- and
micro-segregations of the alloying elements during so-

lidification which accompany the conventional thermal-

spray techniques and can considerably compromise

materials properties do not occur during cold spraying.

Consequently, attractive properties of the powder ma-

terial are retained in cold-sprayed bulk materials; (f)

‘‘peening’’ effect of the impinging solid particles can give

rise to potentially beneficial compressive residual stres-
ses in cold-spray deposited materials [3] in contrast to

the highly detrimental tensile residual stresses induced

by solidification shrinkage accompanying the conven-
tional thermal-spray processes; and (g) cold spray of the

materials like copper, solder and polymeric coatings

offers exciting new possibilities for cost-effective and

environmentally friendly alternatives to the technologies

such as electroplating, soldering and painting [4].

The actual mechanism by which the solid particles

deform and bond during cold spray is still not well un-

derstood. It is well established, however, that the feed-
powder particles and the substrate/deposited material

undergo an extensive localized deformation during im-

pact. This causes disruption of the thin (oxide) surface

films and enables an intimate conformal contact be-

tween the particles and the substrate/deposited material.

The intimate conformal contact of clean surfaces com-

bined with high contact pressures are believed to be

necessary conditions for particles/substrate and parti-
cles/deposited material bonding. This hypothesis is

supported by a number of experimental findings such as:

(a) a wide range of ductile (metallic and polymeric)

materials can be successfully cold-sprayed while non-

ductile materials such as ceramics can be deposited only

if they are co-cold-sprayed with a ductile (matrix) ma-

terial; (b) the mean deposition particle velocity should

exceed a minimum (material-dependent) critical velocity
to achieve deposition which suggests that sufficient ki-

netic energy must be available to plastically deform the

solid material and/or disrupt the surface film; and (c) the

particle kinetic energy at impact is typically significantly

lower than the energy required to melt the particle

suggesting that particle/substrate and particle/deposited

material bonding is primarily, or perhaps entirely, a

solid-state process. The lack of melting is directly con-
firmed through micrographic examination of the cold-

sprayed materials [2].

In a recent work, Assadi et al. [5] carried out a

comprehensive experimental and computational finite

element analysis of the copper cold-spraying deposition

process. The results of Assadi et al. [5] suggest that cold-

spray bonding mechanism can be attributed to adiabatic

shear instability which occurs at the particle/substrate or
particle/deposited material interfaces at high impact
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particle velocities. In the present paper, the analysis of

Assadi et al. [5] is extended to several other metallic

material systems and a more detailed analysis of the

susceptibility of metallic materials to adiabatic shear

instability during cold spray is investigated.
The organization of the paper is as follows: A brief

overview of the finite element procedure used to simu-

late the cold-spray deposition process is presented in

Section 2. An analysis of the adiabatic shear instability

is discussed in Section 3. The main results obtained in

the present work are presented and discussed in Section

4. The key conclusions resulting from the present study

are summarized in Section 5.
v(t=0)=0.0

SUBSTRATE

Fig. 2. An axisymmetric computational domain and the initial and the

boundary conditions of the particle/substrate interaction during the

cold-spray deposition process.
2. Finite element computational analysis

The interaction of a single particle with the substrate

upon impact is analyzed using a dynamic finite element

analysis and the commercial finite element program

ABAQUS/Explicit, Version 6.3 [6]. The particle is as-
sumed to impact the substrate in a direction normal to

the substrate surface. This assumption makes the

problem at hand axisymmetric, eliminating the need for

a computationally intensive three-dimensional analysis.

Following Assadi et al. [5], the particle/substrate inter-

action is assumed to be an adiabatic process, that is, the

heat transfer is not considered. The validity of this as-

sumption can be assessed by comparing the thermal
diffusion distance,

ffiffiffiffiffiffiffiffiffiffi
Dthtc

p
(Dth is the thermal diffusivity,

tc is the particle/substrate ‘‘contact’’ time during which a

non-zero pressure acts on the particle/substrate inter-

face) with, x, the characteristic system dimension (the

average edge length of a finite element). For the typical

values Dth ¼ 10�6 m2/s and tc ¼ 10�8 s, the thermal

diffusion distance,
ffiffiffiffiffiffiffiffiffiffi
Dthtc

p
, takes on a valueof about

1.7� 10�6 m. Since this value is relatively small in
comparison with the average finite element edge length,

x � 0:3� 10�6 m, the neglect of heat conduction during

the particle/substrate collision appears justified. Assadi

et al. [5] further showed that the adiabatic assumption

made is justified even if, due to small system dimensions,

heat transfer is assumed to be controlled by the lattice

waves (the phonons).

A schematic of the (axisymmetric) computational
domain involving a spherical particle and a cylindrical

substrate, along with the initial and the boundary con-

ditions used are given in Fig. 2. Both the particle and the

substrate are modeled as strain-hardening, strain-rate

sensitive and thermal-softening materials in which the

equivalent normal plastic deformation resistance, re, is
given by the Johnson–Cook plasticity model [7] as

re ¼ ½Aþ BðepÞn�½1þ C lnð_ep=_ep0Þ�½1� ð T � Tinit
Tmelt � Tinit

Þm�

ð1Þ
where ep is the equivalent normal plastic strain, _ep the
equivalent normal plastic strain rate, _ep0 a reference

equivalent normal plastic strain rate, T the temperature,

and the subscripts init and melt are used to denote the

initial and the melting temperatures, respectively. The

Johnson–Cook plasticity model parameters: A, B, n, C,
m and Tmelt are taken from the CTH database [8]. The

remaining details of the finite element analysis carried

out in the present work such as, optimization of the
mesh size and its effect on convergence can be found in

[9].
3. Analysis of shear instability and localization

The phenomenon of adiabatic shear instability and

the associated formation of shear bands was first con-
sidered in sufficient details by Wright [10,11]. To un-

derstand this phenomenon on a simple physical level,

typical dynamic stress–strain curves (obtained during

experiments such as the thin-walled tube-torsion Kolsky

bar experiment) are shown in Fig. 3(a). For a typical

work-hardening material under non-adiabatic condi-

tions, the stress–strain curve (denoted as ‘‘Isothermal ’’

in Fig. 3(a)) shows a monotonic increase of the flow
stress with plastic strain. However, under adiabatic

conditions, the plastic strain energy dissipated as heat

increases the temperature causing material softening.

Consequently, the rate of strain hardening decreases and
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Fig. 3. (a) Schematics of the stress–strain curves in a normal strain-

hardening material (‘‘Isothermal’’), an adiabatically softened material

(‘‘Adiabatic’’) and in a material undergoing an adiabatic shear local-

ization (‘‘Localization’’); (b) and (c) schematics of the uniform and the

localized simple shears, respectively. Initial material elements are de-

noted using dotted lines while sheared elements are denoted using solid

lines in (b) and (c).
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the flow stress reaches a maximum value, past which a

monotonic decreases in the flow stress with plastic strain

takes place (the curve labeled ‘‘Adiabatic’’ in Fig. 3(a)).

In an ideal material with uniform distributions of stress,
strain, temperature and materials microstructure, soft-

ening can continue indefinitely. In real materials, how-

ever, fluctuations in stress, strain, temperature or

microstructure, and the inherent instability of strain

softening can give rise to plastic flow (shear) localiza-

tion. Under such circumstances, shearing and heating

(and consequently softening) become highly localized,

while the straining and heating in the surrounding ma-
terial regions practically stops. This, in turn, causes the

flow stress to quickly drop to zero (the curve denoted

‘‘Localization’’ in Fig. 3(a)). Simple schematics are used

in Figs. 3(b) and (c) to demonstrate the basic difference

between the uniform (simple) shear and the localized

(simple) shear.

To analyze the onset of strain softening and adiabatic

shear localization, a simple one-dimensional model is
developed in the present work. The model is used to

reveal the thermo-mechanical behavior of a small ma-

terial element at the particle/substrate interface during

the particle/substrate collision. The model consists of

the following governing equations and initial condi-

tions:
The equivalent plastic strain rate, _ep:

_ep ¼ _epc
qv2p
2

� 1
re

; _epðt ¼ 0Þ ¼ _epc
qðv0pÞ

2

2
� 1
A
: ð2Þ

The equivalent plastic strain, ep:

ep ¼
Z t

0

_ep dt; epðt ¼ 0Þ ¼ 0: ð3Þ

The heating rate, _T :

_T ¼ re _ep

qCp

; _T ðt ¼ 0Þ ¼ A_epðt ¼ 0Þ
qCp

: ð4Þ

The temperature, T :

T ¼
Z t

0

_T dt; T ðt ¼ 0Þ ¼ Tinit: ð5Þ

The particle velocity, vp:

vp ¼ v0p 1

�
� t
tc

�
; vpðt ¼ 0Þ ¼ v0p: ð6Þ

The equivalent plastic flow strength, re:

re ¼ ½Aþ BðepÞn�½1þ C lnð_ep=_ep0Þ�

� 1

�
� T � Tinit

Tmelt � Tinit

� �m�
; reðt ¼ 0Þ ¼ A; ð7Þ

where _ep0 is a strain rate proportionally constant, q the
(constant) material mass density, Cp, the (constant)

specific heat and a raised dot is used to denote the time

derivative of a quantity.

In the model presented above the following assump-

tions are made:

(a) The particle velocity is assumed to decrease linearly

with time from its initial value v0p to a zero value at

t ¼ tc.
(b) The contact pressure at the particle/substrate or par-

ticle/deposited material interface in assumed to be

proportional to the kinetic energy of the particle

per unit volume, qv2p=2.
(c) The particle deformation energy is taken to be com-

pletely dissipated in the form of heat, i.e. the energy

of deformation stored in the form of various defor-

mation-induced microstructural defects is assumed
to be negligibly small.

(d) Variations of the materials properties such as q and

Cp with plastic strain, stress or temperature are

ignored.

The model described above enables determination of

time evolutions of the plastic strain rate, plastic strain,

heating rate, temperature and the equivalent stress in a

typical material element at the particle/substrate inter-
face during a particle/substrate collision. The model is

solved using a simple forward difference method. As will

be shown in Section 3, this procedure clearly demon-

strates a transition of the stress–strain curve from a

strain-hardening type to a strain-softening type at high

impact particle velocities.
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To analyze the tendency of a strain-softening material

to undergo strain (shear) localization, the approach of

Schoenfeld and Wright [12] is utilized. According to

Schoenfeld and Wright [12], the tendency for strain lo-

calization measured by the inverse of the amount of
uniform plastic strain taking place past the strain at

which the flow stress experiences a maximum needed to

obtain strain localization scales with the SL parameter

defined as:

SL ¼
 

� o2re=ðoepoepÞ
ðore=o_epÞre

!
re¼remax

; ð8Þ

where re
max denotes the maximum value of the (adia-

batic) flow stress at a given impact particle velocity. A

numerical solution of the model presented above enables

evaluation of the SL parameter and, hence, quantifica-

tion of the relative tendency of different materials for
shear localization.
4. Results and discussion

4.1. Results of the finite element analysis

The finite element analysis of the cold-spray deposi-
tion process carried out in the present work has en-

compassed the following combinations of the material

and process parameters:
Fig. 4. Temporal evolution of the particle and the substrate materials during

(a) 4.4 ns; (b) 13.2 ns; (c) 22.0 ns and (d) 30.8 ns.
(a) particle diameter: 5 lm and 25 lm;

(b) initial particle velocity: 400–800 m/s in 50 m/s incre-

ments;

(c) particle and substrate materials: copper, aluminum,

nickel, 316L stainless steel and Ti–6Al–4V. All pos-
sible same-material combinations of the particle and

the substrate materials and selected dissimilar-mate-

rial particle/substrate combinations are considered.

A typical time evolution of the particle and the sub-

strate shapes during impact of a particle onto the sub-

strate is shown in Figs. 4(a)–(d). The results displaced in

Figs. 4(a)–(d) pertain to the case of a copper particle

with a 25-lm diameter and the initial impact velocity of
550 m/s colliding with a flat copper substrate at a right

angle relative to the substrate surface. Both the particle

and the substrate are initially at room temperature (295

K). The results displayed in Figs. 4(a)–(d), as well as the

respective results obtained for different combinations of

the material and process parameters can be briefly

summarized as following:

(a) As the particle penetrates the substrate, a crater is
being developed in the substrate.

(b) The diameter and the depth of the crater increase as

the particle/substrate contact time increases while

the height-to-width aspect ratio of the particle de-

creases.

(c) The plastic deformation in the particle and in the

substrate is concentrated in a narrow region

surrounding the particle/substrate interface and,
the particle collision with the substrate. Particle/substrate contact time:
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consequently, an interfacial jet composed of the

highly deformed material is formed.

(d) Due to localization of the plastic deformation to a

region surrounding the particle/substrate interface,

a significant temperature increase is observed only
in this region (the results not shown for brevity).

(e) As the impact particle velocity increases, for a given

combination of the particle and substrate materials,

the thickness of the interfacial jet decreases indicat-

ing an increased level of plastic strain localization

in the interfacial region.

(f) At a given impact particle velocity and for a given

combination of the particle and the substrate materi-
als, the effect of the particle diameter (in the 5–25 lm
range) on the evolution of the particle and the sub-

strate shapes during impact is not significant.

(g) For a given impact particle velocity, and when the

particle and the substrate are composed of different

materials, inversion of the particle and the substrate

materials, generally, has a significant effect on the

crater diameter and the crater depth, as well as on
the thickness of the interfacial jet. In general, when

the particle material possesses a larger density, the

crater diameter and the depth are larger. In addi-
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tion, the thickness of the interfacial jet is larger when

the particle material is stiffer and less dense. The last

observation suggests that as the sound velocity

(scales with a ratio of the elastic modulus and the

density) in the particle material increases, the extent
of the plastic strain localization decreases.

To reveal the tendency for the development of adia-

batic shear localization in the particle/substrate interfa-

cial region, the temporal evolution of the equivalent

plastic strain rate, the equivalent plastic strain, the

temperature and the equivalent normal stress are mon-

itored in several elements at the lower surface of the

particle and at the upper surface of the substrate. An
example of the typical results obtained is given in Figs.

5(a)–(d). The results displayed in Fig. 5(a)–(d) pertain

to the case of a copper particle with a 25-lm diameter

and a copper substrate. The results displayed in

Figs. 5(a)–(d) can be summarized as following:

(a) At lower impact particle velocities (vp ¼ 400–550

(m/s), temporal evolutions of the equivalent normal

plastic strain rate, the equivalent normal plastic
strain, the temperature and the equivalent normal

stress show a monotonic change with the particle/

substrate contact time.
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Table 1

A comparison of the threshold impact particle velocities obtained in the present work with the corresponding velocities reported by Assadi et al. [5]

Particle material Substrate material Threshold particle velocity (m/s)

Assadi et al. [5] Present work – finite

element analysis

Present work – shear

localization analysis

Copper Copper 570–580 575–585 571

Aluminum Aluminum 760–770 760–770 766

Nickel Nickel 600–610 620–630 634

316L 316L 600–610 620–630 617

Titanium Titanium 670–680c 650–670 657

Copper Aluminum N/A 510–530 507

Aluminum Copper N/A 600–630 634

Copper Nickel N/A 570–580 571

Nickel Copper N/A 570–580 576

Copper 316L N/A 570–580 574

316L Copper N/A 570–580 573

Copper Titanium N/A 520–550 514

Titanium Copper N/A 570–590 582
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(b) At the highest particle velocities used (vp ¼ 600 m/s,

in the case of Figs. 5(a)–(d)), temporal evolutions of

the equivalent plastic strain rate, the equivalent

plastic strain, the temperature and the equivalent
normal stress are monotonic to a certain particle/

substrate contact time. Past this contact time, the

equivalent plastic strain rate, the equivalent plastic

strain, the temperature undergo an abrupt increase,

while the equivalent normal stress undergoes an pre-

cipitous decrease to a value near zero.

These findings are fully consistent with the temporal

evolution of a material element which undergoes adia-
batic softening culminating in adiabatic shear localiza-

tion (curve denoted ‘‘Localization’’ in Fig. 3(a)). A

comparison between the minimal impact particle veloc-

ity needed to produce shear localization in the particle/

substrate interfacial region (obtained using the present

finite element analysis) and the threshold velocity for

cold-spray deposition reported by Assadi et al. [5] is

given in Table 1. It is seen that in general there is a good
correlation between the two sets of values for a number

of materials suggesting that shear localization indeed

plays a critical role in the cold-spray deposition process.

4.2. One-dimensional adiabatic shear localization analysis

In this section, the one-dimensional model for adia-

batic shear localization developed in Section 3 is used to
predict the minimal impact particle velocity needed to

give rise to adiabatic shear localization in the particle/

substrate interfacial region. Based on the results of the

finite element analysis presented in Section 4.1, it is es-

tablished that localization in a material element at the

particle or substrate surface occurs when the shear lo-

calization parameter, SL, takes on a value larger than

about 1.6� 10�4 � 0.2� 10�4 s/GPa. This finding is
somewhat surprising since it suggests that all materials
and material combinations have comparable tendencies

for strain localization past the point of maximum flow

strength. Assuming that SL ¼ 1:6� 10�4 s/GPa can be

considered as a critical condition for the onset of adia-
batic shear localization, the one-dimensional model

presented in Section 3 is used to determine the minimum

value of the particle velocity required to achieve this

critical value of SL. This was done by using a simple

computational procedure within which the initial parti-

cle velocity is varied in the increments of 10 m/s, and the

value of SL evaluated at the peak level of the equivalent

normal stress using Eq. (8). The results obtained are
listed in the last column in Table 1. These results are

found to be a very weak function of the model param-

eters, _epc and tc. A comparison of these results with their

finite element counterparts and with the results reported

by Assadi et al. [5] shows that the agreement between the

three sets of results is quite reasonable. This finding

suggests that the simple one-dimensional model for the

onset of adiabatic shear localization can be used to as-
sess the critical (minimal) impact particle velocity re-

quired for successful cold-spray deposition. Once such

velocity is determined, an iso-entropic fluid dynamics

model such as the ones developed by Dykhuizen and

Smith [13] and by Grujicic et al. [14] can be used to

identify the corresponding cold-gas dynamic-spray pa-

rameters (the propellant gas, the gas temperature and

pressure, etc.) needed to obtain the desired average
particle velocity.

4.3. The role of adiabatic softening and shear localization

in cold-spray bonding

The results presented in Sections 4.1 and 4.2 suggest

that adiabatic softening and adiabatic shear localization

play an important role in particle/substrate bonding
during the cold-spray deposition process. This conclusion
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was also reached by Assadi et al. [5], but the actual

mechanism by which adiabatic softening and adiabatic

shear localization promote bonding was not provided. In

this section an attempt is made to provide amore detailed

picture of the interplay between adiabatic softening and
adiabatic shear localization on one hand and particle/

substrate bonding on the other.

Due to very short particle/substrate contact times,

atomic diffusion is not expected to play a significant role

in particle/substrate bonding. This can be readily proven

as follows: The metal-metal inter-diffusion coefficient at

temperatures near the melting point is of the order of

10�15–10�13 m2/s, and for a typical particle/substrate
contact time of 40 ns, the atomic inter-diffusion distance

is between 0.004 and 0.1 nm. Since this distance is only a

fraction of the inter-atomic distance, atomic diffusion at

the particle/substrate interface should be excluded as a

dominant particle/substrate bonding mechanisms under

the dynamic cold-spray deposition conditions.

Adhesion is a nano-length scale phenomenon in-

volving atomic interactions between the contacting
surfaces. Adhesion does not generally involve atomic

diffusion but requires clean surfaces and relatively high

contact pressures to make the surfaces mutually con-

forming. Adiabatic shear localization and the associated

formation of the interfacial jets during cold spraying can

be expected to produce clean contacting surfaces. In

addition, adiabatic softening of the material in the

particle/substrate interfacial region combined with rel-
atively high contact pressures promote formation of

mutually conforming contacting surfaces via plastic

deformation of the contacting surfaces. Hence, once the

conditions for the onset of adiabatic shear localization

(and adiabatic softening) are attained at sufficiently high

impact particle velocities, the conditions for extensive

adhesion of the particle and substrate surfaces are

reached resulting in particle/substrate bonding. In other
words, adiabatic softening and adiabatic shear locali-

zation enhanced adhesion appears to be the dominant

cold-spray particle/substrate bonding mechanism.
5. Conclusions

Based on the results obtained in the present work, the
following main conclusions can be drawn:

1. A dynamic finite element analysis can be used to

study the interactions between the feed-powder parti-

cles and the substrate during the cold-gas dynamic-

spray process.

2. Such an analysis carried out in the present work re-

veals that the plastic deformation localizes to a thin

region adjacent to the particle/substrate interface.
3. Localization of the plastic strain to the interfacial re-

gion combined with the thermal-softening effects
leads to adiabatic shear instability in this region. This

causes the injection of an interfacial jet consisting of

the highly deformed material. The interfacial jet re-

moves the oxide films from the surfaces of the particle

and the substrate enabling an intimate contact of
clean metallic surfaces and hence promoting parti-

cle/substrate bonding.
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